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In Brief
Wang et al. used fMRI in untrained
macaques and humans to investigate the
brain areas involved in representing the
abstract patterns underlying a series of
tones. While number and sequence
patterns are available to macaques, a
unique integrated response to both
patterns was observed in human inferior
frontal and superior temporal cortex.
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The ability to extract deep structures from auditory
sequences is a fundamental prerequisite of language
acquisition. Using fMRI in untrained macaques and
humans, we investigated the brain areas involved in
representing two abstract properties of a series of
tones: total number of items and tone-repetition
pattern. Both species represented the number of
tones in intraparietal and dorsal premotor areas and
the tone-repetition pattern in ventral prefrontal cortex
and basal ganglia. However, we observed a joint
sensitivity to both parameters only in humans, within
bilateral inferior frontal and superior temporal re-
gions. In the left hemisphere, those sites coincided
with areas involved in language processing. Thus,
while someabstractpropertiesof auditorysequences
are available to non-human primates, a recently
evolved circuit may endow humans with a unique
ability for representing linguistic and non-linguistic
sequences in a unified manner.
INTRODUCTION
A major issue for cognitive neuroscience is to determine how hu-
man representational abilities differ from those of other species.
Language acquisition is a prime example of fast learning that
seems unique to humans. It is often proposed that the faculty of
language reflects a broader human-specific ability to acquire
and represent recursive structures [1] or regular combinations
of symbols [2]. Sensitivity to abstract patterns and regularities is
essential to mathematics and music, two other faculties uniquely
developed in humans [3, 4]. Searching for comparative evidence
on the neural representation of rules and symbols may therefore
shed a unique light on the evolutionary origins of human cognition.
Previous studies have shown that the discovery of numerical
or logical patterns called ‘‘algebraic rules’’ [5] is a powerful1966 Current Biology 25, 1966–1974, August 3, 2015 ª2015 Elseviermechanism, already available to human infants, and may play
an important role in the acquisition of language. In a seminal
study [5], 7-month-old infants were exposed for only 2 min to se-
quences respecting a regularity such as AAB (all sequences
contain two identical sounds followed by a different one). Infants
later attended longer to stimuli that violated the rule than to novel
stimuli that respected it. Such evidence suggests that infants
could detect and memorize at least some aspects of the regular
pattern governing the stimuli (e.g., the initial repetition of two
sounds, or the change in the last item). It has been claimed
that monkeys and some birds may possess the rudiments of
this ability [6–8], but current evidence remains inconclusive
[9–12]. Although non-human primates can learn patterns based
on number [13] or artificial grammars [8], we still do not know
whether and how the neural networks underlying such abstract
features differ in monkey and human brains.
At the brain level, electrophysiological recordings in mon-
keys have shown that single neurons in prefrontal and parietal
cortical regions can encode motor patterns such as AABB
or ABAB, where A and B are unspecified gestures [14–16].
However, these results raise several issues. First, those brain
representations were only studied after extensive training;
demonstrations of numerical or symbolic coding in untrained
animals, such as the presence of number-tuned neurons in pa-
rietal and prefrontal cortex [17], are quite scarce. Second,
electrophysiological studies, unlike brain-imaging studies
[18–20], do not allow for a direct comparison of the neural cir-
cuits for sequence representation in monkeys and humans at
the whole-brain level.
fMRI allows exploring whole-brain activity in monkeys and hu-
mans. In a recent fMRI study [20], we demonstrated that, once
monkeys repeatedly heard a specific auditory melody aaaab
(where a and b are two fixed tones), hearing a deviant sequence
aaaaa led to widespread activation in temporal, parietal, and
prefrontal cortices, at sites similar to humans [21]. This novelty
response, however, is ambiguous. It might simply indicate that
monkeys can memorize melodies and detect a novel one. Alter-
natively, it could arise from a sensitivity to the violation of
abstract properties such as number (‘‘four sounds plus anotherLtd All rights reserved
Figure 1. Experimental Design
(A–C) Experimental design (A and B) and main effects of number and sequence changes in monkeys and humans (C).
(A) In different runs, subjects habituated to auditory stimuli respecting a fixed sequence pattern: AAAA or AAAB.
(B) They were then presented with rare test stimuli forming a 23 2 design, respecting the existing pattern, changing the number of items (from four to two or six),
changing the repetition pattern (e.g., going from AAAB to AAAA or vice versa), or changing both (e.g., going from AAAA to AAAAAB). Variability in temporal
spacing and pitch ensured that only the abstract numerical or repetition pattern was predictable.
(C) Main effects of number and sequence change were identified at a whole-brain level using fMRI (contrasts of N+ > N and of S+ > S).
Abbreviations are as follows: 6VR, ventral premotor; ACC, anterior cingulate cortex; VIP, ventral inferior parietal; IFG, inferior frontal gurus; IPS, intraparietal
sulcus; SMA, supplementary motor area.one’’) or tone-repetition pattern (e.g., ‘‘one sound is different’’ or
‘‘the last sound is different’’).
The present paradigm was therefore designed to probe the
sensitivity of monkeys and humans to such abstract auditory
properties and to identify whether the two species use similar
brain areas for this task. We used fMRI to visualize whole-brain
activity while awake monkeys and humans were passively
exposed to auditory sequences. During an initial habituation
phase, subjects heard sequences with a fixed pattern (AAAB
or AAAA). Critically, A and B could be any of several sounds,
and duration and temporal spacing were constantly varied
such that only the pattern itself could be learned (Figures 1 and
S1). Using fMRI, we then tested for brain responses to novel
sequences that either respected the original pattern or violated
it. The violations consisted in changing the total number of items
(e.g., going from AAAB to AB or to AAAAAB), changing the tone-
repetition pattern (going from AAAA to AAAB or vice versa), or
changing both (e.g., going from AAAA to AAAAAB). Again, con-
trols ensured that discrimination could not be based on other
non-numerical parameters (see Figure S1). This design resulted
in four test conditions: NS, new exemplars of same rule;
N+S, isolated number deviants; NS+, isolated sequence de-
viants; and N+S+, double deviants (Figure 1). Importantly, both
species were naive to the auditory sequences, had not been
actively trained to discriminate them, and simply performed an
unrelated eye-fixation task while the auditory stimuli were
presented.Current Biology 25, 1966RESULTS
The first question is, can monkeys identify the invariable pattern
underlying the variable sequences? If monkey brains extract the
pattern, then they should generalize to novel exemplars and
respondonly topattern-violating items. If, on theotherhand,mon-
key brains only store specific melodies in memory, then even the
NS test sequences should elicit a novelty reaction. Thus, we
first examined brain regions responsive to the NS test stimuli
with only frequency changes. ContrastingNSwith habituation
showed no significant brain responses (voxel-wise, p < 0.005,
corrected by false discovery rate [FDR], p < 0.05), suggesting
that monkeys extracted the pattern and generalized it to novel
items.
We then examined the monkey brain responses to pattern-
violating sequences. To identify brain regions responsive to
number change, we first compared sequences with an isolated
violation in number (N+S) to those without any violation
(NS) (Figure 2A). Despite a certain variability in the activations
observed in individual monkeys (see Figure S2), 14 significant
activation peaks were identified in the group analysis (Table
S1; p < 0.005, FDR p < 0.05). In parietal areas, the strongest acti-
vation was found bilaterally in the ventral part of the intraparietal
sulcus (VIP), a site previously found to contain number-sensitive
neurons [22, 23] (Figure 2A). Both two- and six-tone number
deviants elicited significantly higher VIP activations than the
four-tone test stimulus (t test, p < 0.05; Figure S4A). In addition,–1974, August 3, 2015 ª2015 Elsevier Ltd All rights reserved 1967
Figure 2. Brain Activation to Isolated Num-
ber Changes
(A) Brain activation to isolated number deviants
(N+S) versus control stimuli (NS) projected on
lateral and top views of the brain (monkeys, t > 2.7,
p < 0.005, FDR p < 0.05 corrected; humans, t > 3.0,
p < 0.001, FDR p < 0.05 corrected).
(B) Brain activation (betas) at specific peaks in the
four test conditions (N+S+, N+S, NS+, and
NS; brain activation was identified as the mean
beta weight of the regression of the fMRI response
onto the corresponding predictor). An asterisk
denotes a significant main effect of number
[(N+S+) + (N+S) > (NS) + (NS+)]. Error bars
indicate 1 SE.
Abbreviations are as follows: 6DR, dorsal pre-
motor; 8A, area 8A; aINS, anterior insular cortex;
pSTS, posterior superior temporal sulcus; ACC,
anterior cingulate cortex; VIP, ventral inferior pari-
etal; IFG, inferior frontal gyrus; IPS, intraparietal
sulcus; SMA, supplementary motor area. See also
Table S1.the posterior bank of the inferior arcuate sulcus (area 6DR, i.e.,
dorsal premotor F2/F4) was also activated bilaterally, as were
the posterior superior temporal sulcus (pSTS), anterior insula
(aINS), supplementary motor area (SMA), and anterior cingulate
(ACC). Similar results were found when we examined a second,
more stringent contrast for a response to number, namely the
main effect of number change, regardless of the presence of
a concomitant change in sequence [(N+S+) + (N+S) >
(NS) + (NS+)] (Figure 1C): responses were found in areas
VIP, 6DR, pSTS, SMA, and ACC, but not aINS (p < 0.005,
pFDR < 0.05 corrected). Finally, we computed a third, even
more stringent statistic consisting in a conjunction analysis for
N+S+ > NS+ and N+S > NS (Figure 4A), which therefore
searched for a replicable response to number change, whether
or not there also was a concomitant change in sequence pattern.
Again, this conjunction criterion identified areas VIP, pSTS, SMA,
and ACC (conjunction null, p < 0.01, pFDR < 0.05). As indicated by
the histograms in Figure 2B, those areas showed a positive acti-
vation (relative to the mean of the habituation stimuli in this run)
whenever the total number of tones suddenly changed and a
null or, in some cases, a negative activation (suggesting further
habituation) whenever this number remained equal to its habitu-
ation value. The main brain regions (VIP and ACC) showing the1968 Current Biology 25, 1966–1974, August 3, 2015 ª2015 Elsevier Ltd All rights reservednumber effect were also observed in indi-
vidual monkeys (Figures S2 and S3).
Thus, monkeys possess a set of regions
responsive to number change, irrespec-
tive of concomitant changes in sound fre-
quency, timing, and sequence pattern.
When we ran the same paradigm in
humans, we observed activations to nu-
merical deviance (N+S > NS) in bilat-
eral intraparietal sulcus (IPS) (p < 0.001,
pFDR < 0.05 corrected), at a site plausibly
homologous to the monkey site (Fig-
ure 2A). As in monkeys, additional activa-
tions were observed bilaterally in thepSTS, SMA, medial prefrontal (mPFC), and aINS (Table S1).
However, different from monkeys, humans showed an intense
activation in bilateral inferior frontal gyri (IFG) (Figure 2A, Human).
There was a significant main effect of number in IPS, IFG,
pSTS, SMA, medial prefrontal (mPFC), and aINS areas (see plots
of activation in Figure 2B). These areas also remained in the
conjunction analysis (p < 0.01, pFDR < 0.05 corrected), indicating
a context-independent numerical response (Figure 4A). The IPS,
left IFG, and SMA closely overlapped with areas active during
mental calculation in the same subjects (Figure S4B).
In summary, the numerical feature of auditory sequences
engaged highly similar networks in both species. The areas
involved primarily belonged to a dorsal auditory pathway [24].
The intraparietal cortex, previously involved in number represen-
tation [3, 22, 23], was a dominant node in both species, yet we
also observed additional activation of the IFG only in humans.
We next probed the sensitivity to sequence changes in both
species. In the monkey group analysis, nine cortical regions
were activated by isolated sequence changes, i.e., whenever
the sequence pattern suddenly changed from AAAB to AAAA
or vice versa (NS+ > NS; p < 0.005, pFDR < 0.05 cor-
rected; Figures 1C and 3A; Table S2). Unlike for number, a
ventral auditory pathway was seen. In the frontal cortex, the
Figure 3. Brain Activation to Isolated
Sequence Changes
Brain activations to isolated sequence changes
(violations of the tone-repetition pattern) in mon-
keys and humans.
(A) Brain activation to isolated sequence deviants
(NS+) versus control stimuli (NS) in monkeys
(t > 2.7, p < 0.005, FDR p < 0.05 corrected) and
humans (t > 3.0, p < 0.001, FDRp < 0.05 corrected).
(B) Brain activations in the four test conditions
(same format as Figure 2).
Abbreviations are as follows: aINS, anterior insular
cortex; pSTS, posterior superior temporal sulcus;
IFG, inferior frontal gyrus; TP, temporal pole. See
also Table S2.strongest activations were found bilaterally in area 6VR
(i.e., ventral premotor area F5) and the ventral part of dorsolat-
eral prefrontal cortex (VLPFC, area 46v), extending to the
anterior insula. In the temporal lobe, the bilateral pSTS and
left anterior STS (aSTS) were significantly activated. A subcor-
tical region in the basal ganglia, previously engaged in
sequence chunking [25], was also activated (left caudate,
x = 2, y = 5, z = 4; see Figure S4D). Our second statistical
criterion, the main effect of sequence violation [(N+S+) +
(NS+) > (NS) + (N+S)], confirmed the contribution to
sequence processing of areas 6VR/VLPFC, pSTS, aSTS, and
caudate, but not aINS (Figure 3B). Finally, the most stringent
conjunction analysis, searching for areas activated in both
contrasts N+S+ > N+S and NS+ > NS established
that areas 6VR/VLPFC, pSTS, and left aSTS reacted to
sequence change even when there was a concomitant change
in number (conjunction null, p < 0.01, pFDR<0.05 corrected;
Figure 4A). The main brain regions showing the sequenceCurrent Biology 25, 1966–1974, August 3, 2015effect (6VR and caudate) were also
observed in individual monkeys (Figures
S2 and S3).
Similar analyses in humans revealed
that, as in monkeys, isolated sequence
deviants activated the bilateral pSTS and
temporal polar (TP) cortices (p < 0.001,
pFDR < 0.05 corrected; Figure 3A). Also
consistent with the monkey results was a
bilateral activation in the basal ganglia
(putamen, x = 21, y = 9, z = 7, t = 3.62;
and x = 23, y = 7, z = 14, t = 3.15; Fig-
ure S4D). Furthermore, humans again
showed an additional intense frontal
activation in the bilateral IFG. All of these
areas were confirmed using two addi-
tional criteria for sequence responses,
namely the main effect of sequence viola-
tion (Figure 3B) and the conjunction anal-
ysis (Figure 4A).
In summary, a striking difference
between species was that the IFG was
activated by both sequence and number
changes in humans, while number and
sequence violations seemed to involvedistinct networks in monkeys. To quantify this observation, we
explored which regions showed intersecting statistical maps
for the main effects of number and sequence change, thus
possibly operating as integrative structures or ‘‘hubs.’’ In mon-
keys, no significant regions showed joint effects, either additively
or with an interaction of both factors (both p < 0.005, corrected
by FDR). Humans were different: conjunction analysis identified
additive joint effects of number and sequence in bilateral pSTS
and IFG (Figure 4A; Table S3).
To confirm this finding with highest statistical sensitivity, we
applied a leave-one-out cross-validation approach: we first
used number-change (N+ > N) or sequence-change (S+ >
S) contrasts as functional localizers to define the voxels of
interest, in all but one of fMRI runs, then examined the responses
to either the N+ > N or S+ > S contrasts in the left-out run.
In monkeys, the results confirmed that the regions of IPS and
ACC/SMA were selectively activated to the number deviants,
and regions of aSTS, pSTS, and 6V were activated to theª2015 Elsevier Ltd All rights reserved 1969
Figure 4. Evidence for a Uniquely Human Joint Sensitivity to Number
and Sequence Patterns
(A) Conjunction analyses identified the areas for number change detection,
regardless of a concomitant change in sequence pattern (conjunction of
N+S+ >NS+ andN+S >NS, shown in red) and, conversely, the areas for
sequence change detection, regardless of a concomitant change in number
(conjunction of N+S+ > N+S and NS+ > NS, shown in green). Brain
activations in monkeys and humans are projected on lateral and top views of
the brains. Maps are thresholded at t > 2.4 (monkey) and at t > 3.0 (human),
which corresponds to the conjunction null, p < 0.01, FDR p < 0.05 corrected.
Arrows indicate the uniquely human peaks common to both number and
sequence conjunction analyses (Table S3).
(B) Conjunction map of the two main effects of number and sequence change
in humans (contrasts (N+S+) + (N+S) > (NS) + (NS+) and (N+S+) +
(NS+) > (NS) + (N+S); t > 2.5, conjunction null, p < 0.01, corrected by
FDR) superimposed to human cytoarchitectonically defined areas 44 (blue
box) and BA45 (green box). Note that the joint activations in IFG are confined to
BA44.
(C) Activation in subject-specific language-responsive voxels within seven
regions of interest (ROIs) in humans. Within each subject, voxels responsive to
sentences processing (p < 0.01, uncorrected) in each localizer were identified.
Brain activation within those voxels is plotted for the four test conditions.
1970 Current Biology 25, 1966–1974, August 3, 2015 ª2015 Elseviersequence deviants (Figure S3). Crucially, even with this sensitive
analysis, no activations were observed in the generalization
across conditions (S+ > S contrast in voxels isolated by the
N+ > N contrast, or vice versa), confirming that the number-
change and sequence-change networks involve non-overlap-
ping voxels. Human results, by contrast, not only replicated the
brain areas showing the number effect in IPS, SMA, and IFG
and the sequence effect in TP, putamen, pSTS, and IFG but
also showed cross-condition generalization, with a joint activa-
tion of both effects in bilateral pSTS and IFG (Figure S3).
To specifically test inferior frontal regions in both monkey and
human, we then performed a three-way ANOVA with factors of
region (i.e., voxels identified either by the N+/N contrast or by
the S +/S contrast) 3 number change 3 sequence change,
using as dependent variable the mean fMRI activation of the
cross-validated voxels within human IFG and monkey area F5,
respectively. In humans, there was a significant main effect of
number (F(1,16) = 8.47, p = 0.01) and sequence (F(1,16) = 4.65,
p = 0.03), but no significant interactions (region 3 number,
F(1,16) = 1.29, p = 0.27; region 3 sequence, F(1,16) = 0.02, p =
0.96; number3 sequence, F(1,16) = 0.56, p = 0.46; region3 num-
ber 3 sequence, F(1,16) = 0.99, p = 0.33). Hence, in humans, IFG
voxels showed joint effects of number and sequence, irre-
spective of the contrast used to identify them. In monkeys, by
contrast, the results showed a significant main effect of
sequence (F(1,29) = 29.8, p = 0.0002) and a significant effect
in region 3 sequence interaction (F(1,29) = 4.95, p = 0.03), but
no number effect (F(1,29) = 0.10, p = 0.75) or any significant
region 3 number interaction (F(1,29) = 0.72, p = 0.41). This is
consistent with monkey IFG responding only to sequence
change and only in voxels identified using the sequence change
contrast.
In the human left hemisphere, the IFG and pSTS regions coin-
cided with those previously identified as forming a core network
for language syntax [26]. Indeed, probabilistic cytoarchitectonic
maps located the human IFG conjunction effect to Brodmann’s
area 44 (Figure 4B), previously associated with hierarchical
linguistic and non-linguistic sequences [27, 28]. The fact that
our paradigm involves a minimal form of ‘‘syntax,’’ yet with
non-verbal stimuli (tones), may explain why the human IFG was
recruited in both left and right hemispheres, as also found during
artificial language processing [27], musical syntax processing
[4], mathematical calculation [3], and hierarchically organized
behavior [29].
To clarify whether the human left-hemispheric areas in our
study corresponded precisely with language-processing re-
gions, we compared the human sequence-change responses
to the areas identified in the same group of subjects using an
independent language localizer [30]. The results showed over-
lapping areas for non-verbal sequence change and for verbal
sentence processing in TP and putamen. The left IFG showing
a sequence effect was just posterior to the activations in sen-
tence processing, with a slight overlap (Figure S4B). A furtherActivations in IFGoper, IFGorb, and pSTS showed significant main effects
of number and sequence change (N, number effect; S, sequence effect;
**p < 0.05 corrected; *p < 0.05 uncorrected; see Table S4 for p values). Error
bars represent ±1 SEM.
Ltd All rights reserved
Figure 5. Representational Similarity Anal-
ysis of Activations to Number and Sequence
Changes
Left: ROIs in human prefrontal cortex and inferior
frontal gyrus (IFG) and monkey frontal cortex (PFC)
and F5. ROIs were created by SPM WFU_Pick-
Atlas Toolbox (http://fmri.wfubmc.edu/software/
pickatlas). Monkey F5 ROIs were defined as
spheres of 8-mm radius centered on the peak
sequence effect (left: [16, 4, 7]; right: [15, 4, 7]).
Within these large regions, we first searched for
subject-specific voxels activated in the contrast of
all sound sequences relative to rest. We then
treated this list of voxels as a vector and examined
the correlation of the brain responses to number
change and to sequence change. Right: mean
correlation coefficients (±SEM) between the brain
responses to number change and to sequence
change in these voxels. The mean correlations in
humans (with both PFC and IFG/F5 ROIs) are
significantly higher than those in the monkeys
(ANOVA, main effect of species, **p < 0.001).comparison between our auditory sequence-responsive areas
and other sequence-processing studies of the human hier-
archical organization of motor actions [29] and the structure
complexity of human language [27] showed highly consistent
activations in the inferior frontal regions (Figure S5).
Because overlapping fMRI activations may arise spuriously at
the group level, we sought to confirm our findings in individual
subjects. We used an independent functional localizer for
language [30] to identify subject-specific voxels activated during
sentence processing. All subjects showed significant voxels in
each of seven left-hemispheric regions of interest (ROIs) from a
previous study of language constituent structure [26]. Within
those voxels, we then evaluated the contrasts for non-verbal
number and sequence violations (Figure 4C). The results
confirmed joint effects of number and sequence in left inferior
frontal language area IFGoper (mean coordinates 41, 8, 23;
number: F(1, 16) = 29.86, p < 0.001, Bonferroni-corrected for
seven ROIs; sequence: F(1, 16) = 35.79, p < 0.001, corrected;
and interaction effect: F(1, 16) = 10.70, p < 0.05, corrected). At a
less significant level, joint effects were also found in IFGorb
(45, 32, 6; number: F(1, 16) = 9.83, p < 0.05 corrected;
sequence: F(1, 16) = 7.77, p < 0.05 uncorrected) and in pSTS
(50, 42, 4; number: F(1, 16) = 7.27, p < 0.05 uncorrected;
sequence: F(1, 16) = 8.24, p < 0.05 uncorrected).Current Biology 25, 1966–1974, August 3, 2015The human IFG areas showing these
effects are thought to be putative cy-
toarchitectonic homologs of ventrolateral
PFC areas 6VR, 44, and 45 in the ma-
caque monkey [31]. Indeed, in those
regions, monkeys showed a sequence
effect, but unlike humans, they exhibited
no number effect. It could, however, be
argued that the latter is merely a null
result. In a final analysis, we therefore
asked whether the functional conver-
gence of number and sequence re-
sponses in humans and their dissociationin monkeys could be directly demonstrated. We used represen-
tational similarity analysis to quantify the within-subject topo-
graphic resemblance of IFG activations to number and sequence
in the frontal cortex of both species (Figure 5). We first identified
subject-specific voxels activated by all auditory sounds
(voxel, p < 0.005, uncorrected), then computed the correlation
of number- and sequence-change contrasts over those voxels.
An ANOVA on the correlation coefficients, with factors of hemi-
sphere (left or right) and species (human or monkey), revealed
a highly significant difference between species (both PFC and
IFG/F5 ROIs, p < 0.001; Figure 5). Humans showed significantly
positive correlations in bilateral IFG (two-tailed t test, p < 0.05) as
well as in the entire prefrontal cortex (p < 0.05), indicating a func-
tional convergence of number and sequence responses to the
same voxels. Monkeys, on the other hand, tended toward a
negative correlation, both in area F5 proper (p = 0.07) and in fron-
tal cortex (p = 0.08), indicating a functional segregation.
DISCUSSION
Our results indicate that monkeys, like humans, are sensitive to
the numerical and sequential structures of auditory sequences.
In line with previous reports, we found that the macaque and hu-
man brain possess homologous networks that spontaneouslyª2015 Elsevier Ltd All rights reserved 1971
encode the abstract feature of number. The intraparietal sulcus
has long been related to the coding of cardinal and ordinal num-
ber in bothmonkeys [22, 23] and humans [3, 32]. Area VIP, where
number-change responses were found in the present and past
work [22], contains neurons tuned to specific numbers of serially
presented tones, exactly as required to encode the present stim-
uli [22, 23]. Our whole-brain results, using auditory sequences in
naive monkeys, converge with a recent monkey electrophysi-
ology study demonstrating numerical responses to visual sets
of dots in naivemonkeys in area VIP [17]. Behavioral experiments
confirm that untrained monkeys [13] and humans [32] are able to
spontaneously discriminate numbers in various auditory or visual
formats.
The present study further demonstrates that the monkey brain
is also able to spontaneously represent the algebraic pattern
(AAAB or AAAA) underlying otherwise variable auditory se-
quences. Algebraic capacities of this sort were previously
explored behaviorally in 7-month infants [5] and in tamarin mon-
keys [33]. It is the first time, however, that the brain mechanisms
of this ability are identified. In monkeys, the cortical areas
showing the sequence effect involve the ventral auditory
pathway (pSTS, aSTS/TP, and VLPFC/IFG), confirming its
important role in auditory pattern discrimination [34]. Monkey
VLPFC was previously involved in auditory object identification
and macaque vocalizations [35]. Single neurons in the rhesus
VLPFC are tuned to categories of auditory vocalizations [36].
The VLPFC has thus been proposed to be a component of neural
circuit involved in the categorization of socially meaningful sig-
nals. Macaque prefrontal neurons were also found to represent
action sequence boundaries [37]. In this respect, PFC likely
operates in tight connection with the basal ganglia, where
we observed sequence-change responses in both species
and where single-unit recordings in monkey have revealed
learning-related changes in firing patterns related to habit forma-
tion and sequence chunking [25]. Studies of human patients with
lesions or neurodegenerative diseases also suggest a role for the
basal ganglia in syntactic rule processing [38].
Beyond this inter-species similarity, our data demonstrate that
human bilateral inferior frontal areas (mainly BA44) and posterior
superior temporal sulcus possess a unique ability for multi-
feature integration, as they show correlated effects of number
and sequence change that are absent in monkeys. In the left
hemisphere, these regions overlap with those involved in the for-
mation of syntactic constituent structures [26]. The human left
BA44 is specifically engaged in the representation of nested hi-
erarchical structures, both with linguistic [28] and non-linguistic
stimuli [27, 29]. It responds not only to simple rules, as tested
here, but also to complex compound rules [27, 28, 39, 40].
Comparative fMRI studies of resting-state networks indicate
that IFG and pSTS are uniquely expanded [41, 42] and function-
ally interconnected in humans compared to monkeys [19].
Compared to macaques, humans exhibit a much stronger
coupling between auditory association areas and IFG, including
the specific pSTS/BA44 network identified here [43]. Anatomi-
cally, the human IFG is expanded and more asymmetrical, its
mini columns are more spaced [44], and it connects to the tem-
poral lobe via a prominent fiber tract, the arcuate fasciculus,
which is much smaller or absent in other non-human primates
[45]. All of these observations concur to suggest an important1972 Current Biology 25, 1966–1974, August 3, 2015 ª2015 Elsevieranatomical, functional, and, possibly, representational change
in those regions.
A methodological difficulty that confronts any comparative
brain-imaging research is that the human adult subjects always
receive considerably more education and training than the
monkeys. Our results may therefore indicate that education to
linguistic, mathematical, ormusical structures affects the encod-
ing of auditory sequences in IFG and that similar results would
have been obtained after equally extensive training in monkeys.
While this is a possibility, behavioral studies indicate that infants
already possess a capacity to quickly grasp algebraic [5] and
numerical patterns [46] in the first days of life, prior to education,
whereas apes still exhibit striking deficiencies in acquiring count-
ing symbols after months of training [47]. Infant imaging studies
demonstrate that an organized language network is already
detectable in 2-month-old infants [48], encompassing the hu-
man-specific left-hemisphere network identified here, which in
macaque monkeys is remarkably underdeveloped anatomically
and functionally [33, 41–43, 45]. Our comparative observations
are therefore most compatible with the hypothesis that evolution
endowed the human brain with novel inferior frontal cortical
and superior temporal circuits capable of representing regular
sequence patterns. At the very least, the present results indicate
that, given similar stimulus exposure, human adults achieve a
more integrated representation of auditory sequences thanmon-
keys and that this enhanced learning ability relates to IFG-pSTS
circuitry.
If our hypothesis is correct, while monkeys can represent
abstract properties such as ‘‘four sounds’’ or ‘‘one item is
different,’’ evolution granted humans with the specific ability to
quickly unify these representations into a single nested structure
such as ‘‘three identical items, then a different one.’’ The recent
evolution of such brain representations in the Homo lineage, if
confirmed, would provide a tantalizing explanation for the joint
emergence of human-specific linguistic, mathematical, and
musical skills in recent paleontological times.
EXPERIMENTAL PROCEDURES
Subjects
We tested three adult rhesus macaques (two females and one male, 4–6 kg,
8–9 years of age). All procedures were conducted in accordance with the
European Convention for Animal Care (86-406) and the NIH’s Guide for the
Care and Use of Laboratory Animals, and they were approved by the Institu-
tional Ethical Committee (CETEA 10-003). We also tested 19 healthy human
subjects with no known neurological or psychiatric pathology. Two human
subjects were excluded for being unable to maintain fixation on the white
cross on screen during the auditory sequence. Human subjects gave written
informed consent to participate in this study, which was approved by the local
Ethics Committee.
Auditory Paradigm and Stimuli
Auditory stimuli were presented usingMATLAB (MathWorks), via MR-compat-
ible headphones (MRConfon) with an intensity of 70 dB. The onset asynchrony
from one sequence to the next was fixed to 2,400 ms. The auditory sequences
in the paradigm included habituation (standard) and rare test (deviant) stimuli
(Figure 1). The habituation series comprised four identical tones (denoted
AAAA) or three identical tones followed by a different tone (denoted AAAB).
In each fMRI run, only one type of habituation stimulus (AAAA or AAAB) was
presented. Each run started with a first period of rest (14.4 s, 6 TRs, TR =
2.4 s), followed by 5 blocks of 30 sequences each (72 s, 30 TRs), separated
by a silent period (14.4 s, 6 TRs). The onset asynchrony from one sequenceLtd All rights reserved
to the next was fixed to 2,400 ms. The total duration for one run was 446.4 s
(186 TRs). The first block of each run always contained 30 habituation tokens,
in order to establish the global regularity (AAAA or AAAB). In the following four
blocks, 24 tokens (80%) were of the habituation type and 6 (20%, never ap-
pearing as the first 6 tokens) were test stimuli deviating from the current rule
in one of four possible ways. The test stimuli followed a 23 2 factorial design,
containing two levels (same or different) for each of two factors (number or
sequence). Hence, there were four conditions in the test stimuli: NS:
non-number/non-sequence deviants (stimuli respecting the same rule as the
habituation trials and only deviating in frequency and timing); N+S: number
deviants (two or six tones, e.g., AA or AAAAAA when habituation is AAAA);
NS+: sequence deviants (e.g., AAAB when habituation is AAAA or vice
versa); and N+S+: number and sequence (double) deviants (e.g., AB or
AAAAAB when habituation is AAAA). Deviant stimuli were always followed
by at least one standard stimulus. In each fMRI run, each of four testing blocks
only contained one type of deviants. The order of the four testing blocks was
randomized.
To test for generalization, all test stimuliwerecomposedentirely of novel tones
not heard during habituation. The frequency of tones in the habituation stimuli
was selected from 500, 800, 1,280, and 2,048 Hz, while that in the test stimuli
was selected from 700, 1,120, and 1,792 Hz (indicated by different line colors
inFigure1).Toensure thatonly numberchangewas responsible for theobserved
response in the number deviant trials, we performed control over non-numerical
parametersaspreviously described [32, 46] (FigureS1). Total sequenceduration
(TSD) varied among350, 950 and 1,550ms in the habituation stimuli (always four
items) by controlling individual tone duration (ITD, among 25, 50, and 75ms) and
inter-stimulus-interval (ISI, among 50, 83.3, 216, 283.3, 416, and 450 ms). The
test stimuli were always a series of tones (two, four, or six items) of 50 ms ITD
and 250 ms ISI, which ensured that the TSD (varied among 350, 950 and
1,550 ms) and total tone duration (TTD, varied among 100, 200, and 300 ms)
were all familiar and presented equally often in the habituation and test stimulus
sets. Thus, only number mattered: ITD and ISI could not be used for discrimina-
tion because theywere equalized for two, four, and six item test sequences, and
TSD and TTD could not be used either because these parameters had all been
presented equally often during habituation.
To ensure the novelty of auditory stimuli, the subjects (both monkeys and
humans) received no training with the stimuli or the paradigm outside of scan-
ner. During the whole scanning period, the monkeys were trained to fixate on a
red dot (0.35 3 0.35) on a screen in front of the monkey’s head. The human
subjects were asked to fixate on the central cross on the screen while paying
attention to the auditory stimuli. This instruction was adopted because prior
research showed that novelty responses disappear under inattention [21].
In order to assess the awareness of regularities, the following list of ques-
tions was given to human subjects after the scanning session:
(1) Did you notice that most stimuli comprised four items?
(2) Did you notice infrequent stimuli with two or six items?
(3) Did you notice infrequent stimuli in the form of AAAB when the global
rule was AAAA?
(4) Did you notice infrequent stimuli in the form of AAAA when the global
rule was AAAB?
(5) Did you notice infrequent stimuli in the form of AB or AAAAAB when the
global rule was AAAA?
(6) Did you notice infrequent stimuli in the form of AA or AAAAAA when the
global rule was AAAB?
Once a subject completed the scanning sessions, she or he was asked to
comment on the auditory sounds. The 17 subjects scored 5.6/6 on average,
indicating nearly full awareness of the number and sequence regularities.
Data Acquisition and Analysis
See the Supplemental Experimental Procedures for details.
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